The Clade A protein phosphatase 2C Highly ABA-Induced 1 (HAI1) plays an important role in stress signaling yet little information is available on HAI1-regulated phosphoproteins.
Introduction
Many types of environmental stress, both abiotic and biotic, limit plant growth. Drought stress is of particular interest and challenge because of its effect on crop productivity as well as our lack of understanding of the mechanisms plants use to sense and respond to soil drying and reduced water potential (w) during drought. Low w-induced accumulation of Abscisic Acid (ABA) controls downstream responses including growth and gene expression (1, 2) . Plants perceive increased ABA levels via a pathway consisting of the PYR/PYL/RCAR ABA receptors (hereafter referred to as PYLs), Clade A protein phosphatase 2Cs (PP2Cs) and Sucrose NonFermenting Related Kinase 2 (SnRK2) protein kinases (3, 4) . As ABA increases, formation of PYL-ABA-PP2C complexes inhibits PP2C activity. This releases suppression of SnRK2 activity by allowing the SnRK2s to autophosphorylate and phosphorylate downstream target proteins.
Proteins regulated by SnRK2-mediated phosphorylation include nuclear and plasma membrane localized proteins. PYL-PP2C signaling can regulate Mitogen-activated Protein Kinase (MPK) signaling cascades which are active in ABA and abiotic stress signaling (5) in addition to their roles in defense signaling. Identification of phosphorylation sites regulated by SnRK2s, MPKs and ABA signaling is an area of active research (6) (7) (8) (9) (10) . Despite the success of these studies in identifying kinase targets and stress-affected phosphorylation sites, phosphoproteomics has yet to be applied to identify regulatory targets of the Clade A PP2Cs. We are aware of only one phosphoproteomic study of plant PP2Cs, an analysis of Clade E PP2Cs (11) .
Six of the nine Clade A PP2Cs were identified in forward genetic screens for altered ABA sensitivity of seed germination (see for example [12] [13] [14] . Interestingly, the remaining three Clade A PP2Cs, Highly ABA-Induced1 (HAI1), AKT-Interacting Protein1 (AIP1)/HAI2, and HAI3, were not identified in such screens as their effect on ABA sensitivity of seed germination is less (15, 16) . Gene expression of the HAI PP2Cs is strongly induced by ABA as well as drought and salt stress (15, 17) . HAI PP2C mutants, and hai1 in particular, had a strong effect on osmotic adjustment and maintenance of fresh weight at low w (15) . The three HAI PP2Cs are not regulated by Enhancer of ABA co-Receptor 1 (EAR1), which promotes the activity of the six other Clade A PP2Cs and thereby affects ABA sensitivity (18) . Also, Mine et al. (19) found that the HAI PP2Cs, but not the Clade A PP2C ABI2, could interact with MPK3 and MPK6. They also demonstrated that HAI1 could directly dephosphorylate these MPKs. HAI1 was induced by coronatine-mediated activation of the JA-signaling factor MYC2 and HAI1 suppression of MPK3 and MPK6 activation promoted virulence of Pseudomonas syringae (19) . HAI1 was also identified as a target of the transcription factor SCARECROW, a root development regulator (20) . Together these studies indicate that there are both overlapping aspects and diversification among the Clade A PP2Cs in terms how strongly they affect specific stress and ABA-related phenotypes and how their phosphatase activity is regulated. The data also suggest a prominent role for HAI1 in coordination of abiotic stress, development, and defense responses
We used quantitative phosphoproteomics of hai1-2 to identify phosphorylation sites putatively regulated by HAI1. One of the proteins with increased phosphopeptide abundance in hai1-2 was AT-Hook Like10 (AHL10). Phosphorylation of AHL10 at the site affected by HAI1 was required for AHL10 to suppress growth, regulate expression of hormone and development related genes at low w and localize to foci within the nucleoplasm. These data indicate that HAI1 and AHL10 connect stress signaling to growth and developmental regulation.
Results

HAI1-affected phosphorylation sites identified by quantitative phosphoproteomics
Longer term low w stress strongly induces HAI1 expression (15) . Thus, quantitative phosphoproteomics of wild type and hai1-2 was performed for seedlings maintained at high w (unstressed control) and for seedlings transferred to low w (-1.2 MPa) for 96 h. The analysis of hai1-2 (Dataset S1) was conducted in the same set of iTRAQ labeling experiments as the wild type and Clade E Growth Regulating (EGR) PP2C data previously reported by our laboratory (11, 21) . The criteria used to define phosphopeptides of altered abundance in hai1-2 versus wild type in either control or stress treatment were fold change ≥ 1.5 and P ≤ 0.05. Calculation of q values to estimate false discovery rates showed that P = 0.05 corresponded to q = 0.11 for the control data and q = 0.14 for the stress data. In the unstressed control these criteria identified 61 phosphopeptides from 56 proteins that were significantly more abundant in hai1-2 compared to wild type while only 18 phosphopeptides from 17 proteins were significantly less abundant in hai1-2 (Dataset S2). Similarly, at low w 40 phosphopeptides from 39 proteins were significantly more abundant in hai1-2 while 8 phosphopeptides from 7 proteins were less abundant (Dataset S3). Even proteins with highly increased phosphopeptide abundance had no significant change in gene expression in hai1-2 (Fig. 1A , the hai1-2 transcriptome data has been discussed previously (15) ). Thus, phosphoproteomics identified a different set of HAI1-affected loci than transcriptome analysis. Four proteins had increased phosphopeptide abundance in both control and stress treatments (SI Appendix Fig. S1 ). While this limited overlap could indicate that HAI1 regulates different sets of proteins in the control and stress conditions, the incomplete coverage of the phosphoproteome should also be kept in mind.
The hai1-2 affected phosphorylation sites were enriched in several specific phosphorylation motifs (SI Appendix Fig. S2 ; Dataset S4). These included the [pSP] motif, consistent with phosphorylation by MPKs and other proline-directed kinases (10) as well as variations of the [RxxpS] motif which can be targeted by SnRKs and Calcium Dependent Protein Kinases (CPKs) (22) and serine surrounded by acidic residues (E or D) which may be recognized by Casein kinase II (23) . Consistent with these enriched motifs, five of the putative HAI1 target proteins are also putative SnRK2 substrates (Dataset S5) (6, 7, 24) . Also consistent with enrichment of the [RxxpS] motif, a phosphopeptide from CPK9 was more abundant in hai1-2 (Dataset S2), suggesting that HAI1 may affect some [RxxpS] sites via regulation of CPKs as well as SnRK2s. Similarly, the proteins with phosphopeptides increased in hai1-2 included three known MPK substrates, PHOS32 (25) , SCL30 (26) and AT1G80180 (10), as well as 12 putative MPK substrates (Dataset S5) (9, 27) . In relation to Casein kinases, a phosphopeptide from Casein Kinase 2 Beta Chain3 (CKB3) was increased in hai1-2 under stress ( Figure 1A ) and a phosphopeptide from Casein Kinase1-Like Protein2 (CKL2) was increased in hai1-2 in the control (Dataset S2). This was consistent with the enrichment of casein kinase phosphorylation motifs and observations that CKL2 affects ABA response (28, 29) .
The proteins with increased phosphopeptide abundance in hai1-2 under stress had a high prevalence of nuclear and plasma membrane localized proteins (SI Appendix Fig. S3 ). This was consistent with predominant localization of HAI1 in the nucleus but also partially along the plasma membrane (15, 30) . Several of the proteins with increased phosphopeptide abundance in hai1-2 have been previously found to be ABA or stress regulated. These include AKS1, AtSIK1, Annexin1 and the phosphatidic acid binding protein PLDRP1 (31) . Interestingly several mRNA splicing-related proteins (RSP31, SCL30, RSZp22, RSZp33) were affected by hai1-2 (Dataset S2, S3), consistent with previous reports that splicing protein phosphorylation is altered by stress or ABA and may be regulated by SnRK2 kinases (6, 7) . It should be noted that our 96 h stress treatment (96 h), was advantageous to allow induction of HAI1 expression. However, because of this longer stress treatment changes in phosphopeptide abundance could be influenced by changes in protein abundance as well as change in phosphorylation stoichiometry. While keeping this caveat in mind, the hai1-2 phosphoproteomics dataset is overall a useful resource to uncover signaling mechanisms influenced by HAI1.
AT-Hook Like10 (AHL10) interacts with and is dephosphorylated by HAI1
Bimolecular flourescence complementation (BiFC) assays were used as an initial screen for proteins which could be directly targeted by HAI1 (SI Appendix Fig. S4A ). HAI1 interacted with AHL10 and CKB3, which had large increases in phosphopeptide abundance in hai1-2 at low w (Fig. 1A) , as well as a bZIP transcription factor (AT2G31370) which had a putative, but not significant, increase in phosphopeptide abundance (Dataset S1). Conversely, we did not see interaction with Calreticulin 1B (CRT1B, AT1G09210), which had the largest fold increase of all phosphopeptides but was variable and not significant (Fig. 1A) , or PHOS32 and NF-YC11 (SI Appendix Fig. S4A ).
We focused further attention on AHL10. Phosphopeptides with either AHL10 S313 or S314 phosphorylation were identified (SI Appendix Fig. S5 ). The AHL10 S313 phosphopeptide was strongly increased in hai1-2 under stress (Fig. 1A , Dataset S3) while AHL10 gene expression was only slightly increased by stress in wild type (SI Appendix Fig. S4B ) and not affected by hai1-2 (Fig. 1A) . Note that there was some ambiguity in assigning the phosphorylation site to S313 or S314 in both of the AHL10 phosphopeptides identified. The same peptide with putative S313/S314 phosphorylation was identified in multiple previous studies (6, 7, 26, (32) (33) (34) (35) (36) (37) (38) . Interestingly, a phosphopeptide from AHL13 (AT4G17950) was also putatively (but not significantly) increased in hai1-2 at low w ( Ratiometric BiFC (rBiFC) comparison of relative interaction intensity found that HAI1-AHL10 interaction was promoted by low w (Fig. 1B, C) . AHL10 also interacted with HAI2 and HAI3. The HAI PP2C-AHL10 interaction occurred in a diffuse pattern in the nucleoplasm (Fig.   1B) . A similar diffuse localization in the nucleoplasm and exclusion from nucleolus was seen in transgenic plants expressing AHL10promoter:AHL10-YFP in the ahl10-1 background (Fig. 1D ).
To test whether HAI1 could directly dephosphorylate AHL10, AHL10-YFP was immunoprecipitated from stress treated (-1.2 MPa) AHL10promoter:AHL10-YFP/ahl10-1hai1-2 plants and analyzed on Phos-tag gels after in vitro phosphatase treatment (AHL10 mutant and transgenic lines are described in SI Appendix Fig S8) . In mock incubated samples (no phosphatase), multiple bands of phosphorylated AHL10 could be observed (indicated by asterisks in Fig. 2A ), consistent with PhosPhAt listing of three experimentally observed AHL10 phosphorylation sites (S297, T311, S317) in addition to S313 and S314 (7, 33, 34, 36, 38) .
Incubation with non-specific phosphatase (Calf Intestinal Phosphatase, C.I.P.) completely dephosphorylated AHL10 ( Fig. 2A) . Treatment with recombinant HAI1 eliminated the most highly phosphorylated AHL10 bands (those having slowest migration on Phos-tag gel) but did not completely dephosphorylate AHL10 ( Fig. 2A ). This indicated that HAI1 could specifically dephosphorylate some, but not all, AHL10 phosphorylation sites.
To test which of these multiple bands of phosphorylated AHL10 were associated with S313 or S314, we immunoprecipitated non-mutated AHL10 (N.M.), AHL10 To analyze the effect of low w on AHL10 phosphorylation in planta, total protein extracts from control and low w treatments were separated on Phos-tag gels (Fig 2D and E) . To maintain Phos-tag gel resolution, a limited amount of protein was loaded (25 g, compared to 100 g of total protein used for AHL10 immunoprecipitation). Thus only the most abundant bands of phosphorylated AHL10 could be detected. In the moderate severity low w treatment used in growth and gene expression assays (-0.7 MPa, see below), there was a stress induced increase in both phosphorylated AHL10 and total AHL10 protein (compare Phos-tag and SDS-PAGE in Fig. 2D ). The two major phosphorylated bands observed were dependent on S313 and S314 phosphorylation as both bands were absent or shifted in the AHL10 S313A and AHL10 S314A (Fig. 2D) . This was consistent with the results shown in Fig 2B and similar results were observed with AHL10 immunoprecipitated from seedlings at -0.7 MPa (SI Appendix Fig. S8D ). In the -1.2
MPa treatment used for phosphoproteomics, there was strong increase in phosphorylated AHL10 and moderate increase in AHL10 protein level (Fig. 2E ). This indicated a stress-induced increase in AHL10 phosphorylation stoichometry at -1.2 MPa. Note that because the bands of phosphorylated AHL10 were more intense at -1.2 MPa (Fig. 2E) , a shorter exposure was used compared to the -0.7 MPa immunoblot (Fig. 2D) to avoid saturation and thus the phosphorylated bands in the control were not as clearly visible in Fig. 2E compared to Fig. 2D .
Further increased abundance of phosphorylated AHL10 was seen in hai1-2 compared to wild type at -1.2 MPa (Fig. 2E) . This was consistent with HAI1 regulation of AHL10 phosphorylation and consistent with our phosphoproteomics data. Conversely, HAI1 ectopic expression (35S:HAI1) caused the amount of phosphorylated AHL10 to decrease in the control but had no additional effect during -1.2 MPa stress, presumably because endogenous HAI1 was already highly expressed. Together these results indicated that HAI1 restricted the level of phosphorylated AHL10. Despite the action of HAI1, abundance of phosphorylated AHL10 increased during low w stress. This was partially because of increased AHL10 protein level and also likely because of increased kinase activity to phosphorylate AHL10. As S314 is followed by a proline (SP phosphorylation motif), and the equivalent site on AHL13 has been identified as a putative MPK target (9), it is possible that stress-activated MPK activity is responsible for the increased AHL10 phosphorylation at low w. Interestingly, hai1-2 and 35S:HAI1 had decreased AHL10 protein abundance in the unstressed control ( Fig. 2D and E; SI Appendix Fig. S8D ).
Thus it is also possible that HAI1 influences AHL10 protein stability, either through dephosphorylation or via other indirect mechanisms.
We focused further functional analysis (below) on AHL10 S313 and S314 as these were the phosphorylation sites most frequently identified in phosphoproteomic studies, including our own. Also, multiple sets of the Phos-tag gel analyses indicated that S313 and S314 were the dominant sites of AHL10 phosphorylation because they were required for the most abundant forms of phosphorylated AHL10, either by being the most heavily phosphorylated sites themselves and also because they may be required for phosphorylation at other sites, including additional sites dephosphorylated by HAI1.
AHL10 phosphorylation at S314 is critical for suppression of growth during moderate severity low  w stress.
The effect of HAI1 on AHL10 phosphorylation and increased protein level of AHL10 during low w suggested that AHL10 may also be involved in low w response. Consistent with this, ahl10-1 had nearly forty percent higher rosette weight than wild type after an extended period of moderate severity soil drying (Fig. 3A, B) . A similar enhanced growth maintenance of ahl10-1 was seen in plate-based assays where seedlings were transferred to fresh control plates or to moderate severity low w plates (-0.7 MPa) and root elongation measured over the next five days in the control and 10 days in the low w stress treatment (Fig. 3C, D MPa stress treatment (SI Appendix Fig. S10A-C) . Although the -1.2 MPa treatment restricted growth to a low level, it was not lethal and seedlings subjected to -1.2 MPa for ten days rapidly recovered when returned to the unstressed control media (SI Appendix Fig. S10D ).
To test the functional importance of AHL10 phosphorylation, phosphonull (S313A or S314A) and phosphomimic (S313D or S314D) AHL10 were expressed in the ahl10-1 background. AHL10 S314A was unable to complement ahl10-1 while AHL10 S314D and AHL10 S313D did complement (Fig. 3C, D) . Interestingly, AHL10 S313A suppressed growth below the wild type level in both control and stress treatments. The same pattern was observed in the -1.2 MPa treatment (SI Appendix Fig. S10B, C) . These data show that AHL10 function in growth regulation is dependent on S314 phosphorylation. The greater suppression of growth in
indicates that S313 may act as a "decoy" site such that either S313 or S314 can be phosphorylated by the kinase(s) acting on AHL10. When S313 phosphorylation is blocked more S314 phosphorylation occurs leading to increased AHL10 function in growth suppression.
However, other mechanisms, perhaps involving coordinated phosphorylation at additional sites on AHL10 as mentioned above, cannot be ruled out. Note that three independent transgenic lines were used for each AHL10 construct and each line had indistinguishable growth phenotypes despite some difference in AHL10 protein level (SI Appendix Fig. S8B) . Thus, the combined data of all three lines for each construct is shown in Fig. 3C . All of the AHL10 phosphomimic and null proteins were localized in the nucleus; however, we noted that localization of AHL10 S313D and AHL10
S314D
was less diffuse and partially clustered into foci (SI Appendix Fig.   S8C ).
AHL10 regulates the expression of developmental and hormone-associated genes during drought acclimation.
To learn how AHL10 could influence growth, RNAseq was conducted for wild type and ahl10-1 under unstressed conditions or moderate severity low w stress (-0.7 MPa, 96 h) where the growth maintenance phenotype of ahl10-1 was apparent. In wild type 2212 genes were upregulated and 2766 down regulated at low w (Dataset S6, S7; fold change in expression >1.25, adjusted P ≤ 0.05). HAI1 was strongly upregulated by low w (Dataset S6) in agreement with previous data (15) . In the unstressed control, ahl10-1 had little effect on gene expression as only 10 genes had higher expression and 7 genes (excluding AHL10 itself) had reduced expression compared to wild type (Dataset S8). There was more effect of ahl10-1 at low w where 19 genes were increased and 41 genes decreased compared to wild type (Dataset S9). The majority of genes differentially expressed in ahl10-1 under stress were also differentially expressed in wild type at low w compared to the unstressed control. However, there was no concordance between the effect of stress in wild type (increased or decreased expression) and the direction of the ahl10-1 effect (Fig. 4A) . Only seven genes were differentially expressed in ahl10-1 in both control and low w treatments (Fig. 4A, inset) . Six of these were transposons or "other RNA" rather than protein coding genes.
The genes differentially expressed in ahl10-1 at low w were consistent with altered growth regulation. These included Shootmeristemless (STM), a transcription factor required for meristem maintenance (39, 40) and two auxin-amido synthase genes (WES1 and DFL1) that affect growth by controlling the level of active auxin (41) (42) (43) . WES1 is also known to be regulated by stress and ABA (41) . Genes with increased expression in ahl10-1 at low w included Root Meristem Growth Factor 9 (RGF9), which is one of a family of genes that affect proliferation of transient amplifying cells in the root meristem (44) , as well as the JA synthesis genes Allene Oxide Synthase (AOS) and Allene Oxide Cyclase (AOC1) and JA-responsive genes JR2 and VSP2 (45, 46) . Many of these genes, for example STM and RGF9, have tissue specific expression. Thus their change in expression in meristems or other specific tissues may be more dramatic more than that seen in the whole seedling data shown here.
Quantitative RT-PCR validated that STM and WES1 (Fig. 4B) could complement (Fig. 4B) . For STM and WES1 we again observed that AHL10 S313A acted as a hyper-functional allele having the opposite effect as ahl10-1 (Fig. 4B ).
Also consistent with the growth assays, hai1-2 had similar effect on gene expression at low w compared to ahl10-1 (Fig. 4B ).
AHL10 S314 phosphorylation does not affect AHL10 self-interaction but is required for AHL10 complexes to form nuclear foci.
The above results raised the question of how phosphorylation affects AHL10 protein function. Structural modeling confirmed that AHL10 S313 and S314 are in a loop region not immediately adjacent to the two AT-hook DNA binding domains or the PPC/DUF296 domain involved in AHL trimer formation (SI Appendix Fig. S12 ). This variable C-terminal portion of AHLs is thought to be involved in interaction of AHL complexes with other transcriptional regulators (47) . AHL10 S313 and S314 phosphomimic and phosphonull variants had no effect on AHL10 self-interaction in rBiFC assays (Fig. 5A , rBiFC representative images are in SI Appendix Fig. S13) . Strikingly, for non-mutated AHL10 (N.M.), phosphomimic (S313D, S314D) and AHL10
S313A
, the rBiFC fluorescence from AHL10 complexes could often be seen as foci within the nucleus (Fig. 5B) . The portion of nuclei with AHL10 foci increased under stress and was dramatically increased by the S313A phosphonull mutation (Fig. 5C ). In contrast, AHL10 S314A did not form foci and remained dispersed in the nucleoplasm (Fig. 5B, C) . These data, along with reports that AT-hook proteins can associate with the nuclear matrix (48, 49) , raise the possibility that interaction with the nuclear matrix or recruitment of AHL10 complexes to matrix attachment regions is dependent upon S314 phosphorylation.
Discussion
We identified a diverse set of proteins with altered phosphopeptide abundance in hai1-2 compared to wild type. Given the strong effect of HAI1 on drought-related phenotypes, many of these HAI1-affected phosphoproteins may have previously unknown roles in drought response.
The phosphorylation sites we identified likely represent a combination of sites directly dephosphorylated by HAI1 and sites phosphorylated by HAI1-regulated kinases (or both).
AHL10 is a good example as the S314 phosphorylation site contained a Ser-Pro phosphorylation motif that is typically targeted by MPKs and the analogous phosphoserine site on AHL13 was identified as a putative MPK target (9) . Thus, even though HAI1 could dephosphorylate AHL10 AHL10 acted as a negative regulator to restrain growth during low w stress. In some ways this effect of AHL10 was consistent with Clade A AHL (AHL15-AHL27) suppression of hypocotyl elongation (47, 51, 52) . However, our results differ in that AHL10 primarily affected growth at low w and in that AHL10 is a member of the less studied Clade B AHLs (AHL1-AHL14). The only other study of AHL10 that we are aware of found AHL10 to be involved in recruitment of the heterochromatin mark Histone 3 Lysine 9 dimethylation (H3K9me2) to ATrich transposable elements (53) . We observed mis-regulated expression of several transposons in ahl10-1. However, these were a minority of the differentially expressed genes, especially at low w. Whether or not histone modification or other epigenetic mechanisms are involved in OsAHL1, led to enhanced survival of dehydration, salt stress or chilling stress (55). While this may at first seem inconsistent with our results, it is important to note that they measured survival of severe stress while we measured the response to low w treatments that inhibited growth but were not lethal. It has been well noted that the mechanisms underlying survival of severe stress are distinct from those regulating growth during moderate severity drought stress (56).
Altered expression of developmental regulators STM and RGF9, auxin metabolism genes WES1 and DFL1 and JA metabolism genes AOS, AOC, as well as other AHL10-affected genes identified by RNAseq, was consistent with AHL10 effects on growth at low w. Many of these genes have tissue specific expression (for example STM). Thus, tissue specific analysis of meristematic and growing regions could find additional AHL10-regulated genes important for growth regulation or reveal much stronger localized changes in expression of the AHL10-regulated genes we identified. Mine et al. (19) demonstrated that JA-induction of HAI1 expression was involved in HAI1 suppression of MPK3 and MPK6 activation during effector triggered immunity. Our finding that HAI1-AHL10 signaling regulated JA metabolism (AOS and AOC1) and JA responsive (JR2, VSP2) genes suggests that HAI1 also has a feedback effect on JA. This result is also consistent with other reports of cross-regulation between JA and ABA metabolism (57). In our previous characterization of HAI1, we noted that hai1-2 had altered expression of many defense-related genes and concluded that HAI1 could be involved in tradeoffs between pathogen defense and drought response (15) . The current data further indicate that HAI1, AHL10 and their target genes are involved in this intersection of stress and defense signaling with growth regulation.
AHLs can associate with AT-rich sequences in matrix attachment regions (48, 49 ) and the C-terminal portion of AHLs is thought to mediate interaction with transcriptional regulators (47) . AHL10 S314 phosphorylation was required for AHL10 complexes to form foci within the nucleoplasm. While the identity and composition of the AHL10 foci is not known, it can be hypothesized that phosphorylation-dependent interaction of AHL10 with nuclear matrix components as well as other transcriptional regulators or epigenetic factors may explain how AHL10 could act as either an inducer or suppressor of gene expression under low w.
Interestingly, AHL
S313A
had a hyperactive effect on the formation of nuclear foci and on STM and WES1 expression but not on AOS1 or AOC expression (Fig. 3B ). This provides one indication that different mechanisms may be involved in AHL10 up and down-regulation of gene expression. As AHL10 foci were observed in both control and low w treatments, it is possible that the AHL10 foci are involved in repression of transposons (54), which was disrupted under both control and stress conditions in ahl10-1. Other, yet to be identified, phosphorylation dependent interactions of AHL10 may be involved in stress-specific effects on gene expression.
Both previous data (15) and RNAseq analysis conducted here (Dataset S6, S7) show that HAI1 and HAI2 are among the genes most strongly induced during low w acclimation. Along with previous physiological results (15, 19, 58) , such data indicate the prominent and distinct role that the HAI PP2Cs play in plant responses to the environment. As illustrated by our characterization of AHL10, the hai1-2 phosphoproteomics data provide a basis to better understand the phosphatase side of the kinase-phosphatase interplay that is a central feature of stress signaling. More broadly the data indicate roles for AHL10 and HAI1 in balancing growth versus stress and defense responses. AHL10-mediated growth suppression under moderate stress severity can be an adaptive response to reduce water use. Agronomically, such a strategy may be overly conservative and disrupting it could allow greater plant productivity in certain environments.
Materials and Methods
Low w stress was imposed using PEG-infused agar plates or controlled soil drying as previously described (59, 11). For phosphoproteomics, seedlings were transferred to unstressed control or -1.2 MPa low w stress and samples collected 96 h after transfer. Phosphoproteomics sample processing, phosphopeptide enrichment, iTRAQ labeling, and data analysis for phosphopeptide quantitation are as described previously (11) and are fully detailed in the SI Materials and Methods. Construction of transgenic plants, phenotypic assays and protein analyses were performed generally as previously described (11) (11) 
Supplemental Materials Materials and Methods
Figures S1-S14 Supplemental Datasets S1-S10 A. Differentially expressed genes (DEGs) in ahl10-1 discovered by RNAseq. Genes with differential expression in ahl10-1 under either control or stress (-0.7 MPa, 96 h) plotted versus their expression in wild type stress versus wild type control. Inset shows the overlap between genes with differential expression in ahl10-1 in control or stress treatments. B. QPCR assay of selected genes in stress (-0.7 MPa, 96 h) versus control for wild type as well as assay of ahl10-1, hai1-2 and AHL10 phosphomimic and null complementation lines. Data are shown as expression relative to wild type and are means ± SE, (n = 3) combined from three independent experiments. Asterisk (*) indicates significant difference compared to wild type in the same treatment (or wild type stress versus control) by one-sample T-test (P ≤ 0.05). Gray dashed line indicates the wild type level (set to 1). 
A.
Quantification of relative self-interaction intensity for phosphomimic and phosphonull AHL10. Data are means ± SE, (n = 10 to 20) combined from two independent experiments. None of the phosphomimic or phosphonull constructs differed significantly from wild type in either stress or control treatments (T-test P ≤ 0.05). Images of AHL10 self-interaction rBiFC assays are shown in SI Appendix Fig. S13 . B.
Representative images of nuclear foci localization of AHL10 self-interaction complexes observed in rBiFC assays. For non-mutated wild type AHL10 (N.M.) and phosphomimic AHL10 Portion of nuclei with AHL10 foci. Individual nuclei (80-130 for each construct and treatment) combined from two independent experiments were counted. Error bars indicate 95% confidence intervals and asterisks indicate significant difference compared to wild type in the same treatment (or difference of wild type stress versus control) based on Fisher's Exact test (P ≤ 0.05).
